Abstract-Ptaquiloside (PTA) is a natural toxin produced by bracken (Pteridium aquilinum [L.] Kuhn). Assessment of PTA toxicity is needed because PTA deposited from bracken to soil may leach to surface and groundwater. Inhibition of soil respiration and genotoxic activity of PTA was determined by a soil microbial carbon transformation test and an umu test, respectively. In the carbon transformation test, sandy loam soil was incubated at five different initial concentrations of PTA for a period of 28 d, after which glucose was added and respiration measured for 12 consecutive hours. The tests were performed at 20ЊC and soil moisture content of approximately 15%. For soil material sampled in the autumn, initial PTA concentrations ranging from 0.008 to 40.6 g PTA/g dry soil were tested. From fitting of data by a sigmoidal function, a 10% effect dose (ED10) was estimated to 13 g PTA/ g dry soil, with an upper 95% confidence limit of 43 g PTA/g dry soil and a 95% lower confidence limit of Ϫϱ g PTA/g dry soil. For soil material sampled in late winter, initial PTA concentrations ranging from 1.56 to 212 g PTA/g dry soil were tested, resulting in an ED10 value of 55 g PTA/g dry soil, with an upper 95% confidence limit of 70 g PTA/g dry soil and a 95% lower confidence limit of 40 g PTA/g dry soil. The genotoxic activity of PTA was determined using the umu test without and with metabolic activation (addition of S9 rat liver homogenate). In tests with addition of S9, the induction ratio exceeded the critical ratio of 1.5 at a PTA concentration of 46 Ϯ 16 g/ml and, in tests without S9, the critical ratio was exceeded at a PTA concentration of 279 Ϯ 22 g/ml. The genotoxicity of PTA is comparable to that of quercetin, another bracken constituent. The toxicity of PTA toward microorganisms prolongs the persistence of PTA in terrestrial environments, increasing the risk of PTA leaching to drainage and groundwater.
INTRODUCTION
In 1965, Evans and Mason [1] demonstrated for the first time the carcinogenicity of bracken fern. They reported that rats developed ileal adenocarcinomas if fed diets containing bracken fern. These results later were reproduced by Pamukcu and Price [2, 3] . However, it was not until 1983 that ptaquiloside (PTA) was isolated and identified as the substance responsible for the observed mutagenic activity of bracken fern [4, 5] . Ptaquiloside is a norsesquiterpene glucoside with an illudane skeleton, produced as a secondary metabolite by bracken (Fig. 1 ). Since 1983, much work has been carried out on the toxic, mutagenic, and carcinogenic activity of PTA.
Ptaquiloside now is known to cause a wide range of diseases in animals. Among these are ileal and bladder carcinomas in rats [6, 7] , progressive retinal degeneration (bright blindness) in sheep [8] , and bovine enzootic haematuria and acute bracken poisoning in cattle [3, 9] . The association between bracken and cancer in humans also has been demonstrated [10] [11] [12] [13] . The main exposure routes include: Ingestion of bracken, drinking of contaminated milk or water, and inhalation of air containing bracken spores. It has been found that approximately 9% of PTA in bracken fern consumed by cows is transferred to milk [14] . Furthermore, Rasmussen et al. found PTA concentrations of 30 and 45 g/L, respectively, from two wells situated in an area infested by bracken and up to 7 g/L in soil solutions sampled at 90-cm depth below a bracken stand [15] . In addition, bracken spores may lead to DNA damage, but it is not known whether this will lead to development of tumors or not. The spore concentration in air over a sporulating bracken stand can reach 800 spores/L of air. This gives an inhalation of 50,000 spores during 10 min by the average human [16] .
In some countries, bracken is used as food and sometimes even ingested daily. Usually bracken is boiled in water containing wood ash or sodium bicarbonate before consumption [17] . Marlière et al. [10] and Hirayama [18] have demonstrated that, for people in Brazil and Japan with a daily food intake of bracken, the frequency of oesophageal and gastric cancer is 5.5 and 8.1 times higher, compared with nearby people not eating bracken. Even living in an area with bracken appears to result in a 3.6-fold increase in the occurrence of gastric cancer [11] [12] [13] .
The mechanism by which PTA exhibits its carcinogenicity toward DNA has been elucidated. Because PTA is a precarcinogen, it has to be activated to produce the carcinogenic form. Alkaline treatment, through an elimination reaction, will liberate the glucose residue and form an unstable dienone intermediate that represents the activated form (Fig. 1) . This electrophilic dienone binds covalently to DNA, alkylating either N-7 of guanine or N-3 of adenine while undergoing cyclopropane ring rupture and aromatization (Fig. 1 ). This will lead to depurinations and, eventually, backbone breakage in the DNA via a ␤-elimination reaction [19] [20] [21] . It also has been shown that PTA reacts with various amino acids, especially sulfur-containing amino acids [22] . The environmental properties and toxicology of PTA in soil has been studied only sparsely. The most extensive work was made by Rasmussen et al. [15, 23] . Results showed that PTA does not sorb to soil, and properties like pH and clay content are important factors affecting the disappearance of PTA in soil. The risk of PTA leaching from soil is high if the soil is slightly acidic to neutral, has a high clay content, and the microbial degradation of PTA is slow. So far, no tests concerning PTA toxicology in soil environments have been made.
In this study, we have determined both toxicity and genotoxicity of PTA using two test systems: The carbon transformation test and the umu test [24, 25] . The carbon transformation test evaluates the possible adverse effect of PTA on a diverse population of microorganisms, whereas the umu test detects the possible mechanism leading to this adverse effect, although only a single species is tested. The possible effect on diverse microbial communities can lead to slow degradation of PTA in soil, thereby making it susceptible to leaching.
The carbon transformation test examines glucose transformation in soil incubated for 28 d with the test chemical. The umu test evaluates genotoxic activity by the ability of a chemical to induce the DNA repair system in Salmonella typhimurium TA1535/pSK1002. Several tests have been used to prove the genotoxicity of PTA, including modified Ames tests and the hepatocyte primary culture DNA repair test [26] [27] [28] . However, these are very time consuming compared with the umu test, which also is in good concordance with the Ames test [29, 30] . Furthermore, the umu test is an excellent tool for detecting genotoxins in environmental samples, including soil, surface, and groundwater [25, 31, 32] .
MATERIALS AND METHODS

Ptaquiloside
Purification of ptaquiloside. The PTA to be used in the toxicity tests was produced by preparative high-performance liquid chromatography (HPLC) according to the procedure described by Rasmussen [33] . The absolute purity of PTA was determined using HPLC, proton nuclear magnetic resonance ( 1 H-NMR), carbon NMR ( 13 C-NMR), mass spectrometry, and an elemental analysis (C 20 H 30 O 8 ·2/3H 2 O), revealing a purity of approximately 100%.
Ptaquiloside concentration. Ptaquiloside concentrations of all stock solutions used in the experiments were determined using HPLC. Four ϫ 20 l of PTA stock solution were transferred to autosampler vials. Double deionized water was added to these vials for a total of 1 ml. Ptaquiloside was converted to pterosin B in two of the vials, according to the method described by Agnew and Lauren [34] . The two remaining vials were left unaltered to test for the possible background conversion of PTA to pterosin B in the stock solutions. The content of pterosin B in all four vials were quantified using analytical HPLC with an external standard of pterosin B. The pterosin B standard was produced from alkaline and acidic conversion of purified PTA to pterosin B, assuming that all PTA is converted stoichiometrically to pterosin B. Analysis was performed as an isocratic elution with a flush program using a water:acetonitrile eluent at 35ЊC and a flow of 1 ml/min. For detailed parameters on both analytical and preparative HPLC, see Rasmussen [33] .
Carbon transformation test
Soil collection and characterization. The soil was collected at Høje Tåstrup at the university farm belonging to The Royal Veterinary and Agricultural University (Frederiksberg, Denmark). The exact coordinates of the collection site are 55Њ40Ј06.6ЉN and 012Њ18Ј33.0ЉE. The soil used in the first test (soil 1) was sampled on October 25, 2002 ; the second was sampled on March 6, 2003 (soil 2). The soil was sampled from the upper 20 cm of an arable sandy loam soil classified as a Typic Agriudoll [35] . After collection, stones and plant residues were removed before gentle manual homogenization of the soils to a particle size less than 5 mm in diameter. After processing, the soil material was stored at 4ЊC until use. Soil characteristics are listed in Table 1 .
Carbon transformation test method. The carbon transformation test followed the Organization for Economic Cooperation and Development Test Guideline 217 on carbon transformation in soils. [24] . The test is designed to detect longterm adverse effects of a substance on soil microorganisms by following the glucose transformation in aerobic surface soils 28 d after addition of the test compound. The experimental design used by Vaclavik et al. [36] was used. Briefly, 18 opaque 115-ml serum flasks was added 60 g fresh soil each, closed with butyl rubber serum stoppers to prevent evaporation of water, and acclimatized at 20 Ϯ 2ЊC until the next day, together with three blinds containing no soil. Then 1 ml of PTA dissolved in 0.01 M CaCl 2 was added to the flasks; five different initial concentrations of PTA were used, and triplicate experiments were run for each initial concentration. For soil 1, initial concentrations of PTA in the range of 0.008 to 40.6 g PTA/ g dry soil were chosen, because these concentrations are within the range observed for soil beneath bracken stands [23] . For soil 2, higher concentrations were used (1.56-212) in order to get a more pronounced response. No alkaline preactivation of PTA was performed. Three flasks added 1 ml of CaCl 2 , and no PTA was prepared to monitor background respiration. All flasks were equipped with an alkali trap consisting of 1 ml of 2 N NaOH in a 5-ml test tube. The purpose of the alkali trap was to absorb the CO 2 produced due to microbial respiration. Finally, flasks were sealed with butyl rubber airtight serum stoppers and metal clamps and incubated at 20 Ϯ 2ЊC for 28 d. Empty flasks including an alkali trap were used to monitor fluctuations in atmospheric pressure. The pressure in the flasks was measured through the septum using a syringe needle mounted with a pressure gauge from Ametek Denmark A/S (Easy Pressure Measurement 2023, Allerød, Denmark). During the incubation period, all flasks were monitored to avoid anaerobic conditions. Serum stoppers and clamps were changed when accumulated pressure changes corresponded to what theoretical calculations indicated as 35% oxygen depletion (see Vaclavik et al. [36] for details). After incubation for 28 d, 4,000 mg of glucose/kg dry soil was added to each flask containing soil. The glucose was added as a fine powder after removal of the flask septa. Accumulated pressure changes due to glucose-induced respiration were recorded in each flask for a 12-h period following glucose addition.
Data handling. Accumulated pressure changes were corrected for fluctuations in atmospheric pressure during the 12-h period of glucose-induced respiration by subtraction of the average pressure reading in the empty flasks. For each of the five initial PTA concentrations, the respiration rate (consummation of O 2 /h/kg of dry soil) was calculated (see Vaclavik et al. [36] for details on calculations) and presented as a function of the natural logarithm to the PTA concentration. The data were fitted to the sigmoidal dose-response model suggested by Haanstra et al. [37] A y ϭ
B·(xϪC)
1 ϩ e where y is the calculated respiration rate, x the natural logarithm to the PTA concentration, A is the respiration level of the control, C the natural logarithm of the concentration at which the respiration is half the level of the undisturbed control, and B is a slope parameter indicating the inhibition rate. The parameters A, B, and C and the 95% confidence limits for the two experiments are estimated using TableCurve 2D (TableCurve 2D, Systat Software, Point Richmond, CA, USA). The fitted data have been used to determine the 10% effect dose (ED10) [38] . In the present case, the ED10 was the betterdefined measure of effect concentration than EC50; proper estimates of EC50 would require the use of extremely high and unrealistic initial concentrations of PTA. Using Equation 1 and setting y ϭ 0.9·A, ED10 can be derived as
[ ]
B
where A and B are the estimated parameters from Equation 1.
Umu test
Bacterial strain, medias, and buffers. Salmonella typhimurium TA1535/pSK1002, a strain constructed from S. typhimurium TA1535 with an inserted plasmid containing a fused umuC''lacZ gene, was used in the present study [31] . All media and buffers were prepared according to the methods of Reifferscheid et al. [25] . Milli-Q water (Bedford, MA, USA) was used as solvent. Commercial liver S9 fraction from Aroclor 1254-induced rats contained 27 mg protein/ml and was purchased at Scantox A/S (Lille Skensved, Denmark).
Umu-test method. The umu test was performed according to Reifferscheid et al. [25] . Briefly, the overnight culture of S. typhimurium TA1535/pSK1002 in Luria-Bertani medium was diluted 20-to 50-fold in fresh tryptone glucose ampicilin medium and incubated at 37ЊC until the bacteria reached logphase bacterial growth (ϳ 2 h). After 2 h of exposure to PTA, the bacterial suspension was diluted fivefold with warm tryptone glucose ampicilin medium, followed by a subsequent additional incubation period of 2 h (postincubation). At the end of postincubation, the bacterial growth was measured as optical density (OD 630nm ), and the level of ␤-galactosidase activity (OD 405nm ) was assayed by the colorimetric method using 2-Nitrophenyl-␤-D-Galactopyranoside as a substrate according to Miller [39] ; 2-Nitrophenyl-␤-D-Galactopyranoside is split by galactosidase to give 2-Nitrophenol, which can be determined colorimetrically.
Three replicates at each PTA concentration were made. As positive controls, 4-Nitroquinoline-N-Oxide in tests without addition of S9 and 2-Aminoanthracene in tests with addition of S9 were used [29] .
Data handling. The bacterial growth factor (G) was calculated for each sample and positive control concentration using
where OD 630S is the absorbance by sample or positive control at 630 nm and OD 630N is the absorbance at 630 nm by the negative control. The ␤-galactosidase activity was calculated according to Miller [39] OD Ϫ 1.75 · OD where S and N stand for sample and negative control, respectively. The negative control also was used as measurement for the zero concentration of PTA, 4-Nitroquinoline-N-Oxide, and 2-Aminoanthracene. Concentrations of PTA, 4-Nitroquinoline-N-Oxide, or 2-Aminoanthracene, which exhibit IR Ͼ 1.5-fold above background level, are considered mutagenic [32] .
Finally, first-order regression lines, based on IR as a function of concentration, was used to calculate the mutagenic dose-response for PTA.
RESULTS AND DISCUSSION
Carbon transformation test
The results of the carbon transformation tests appear from Figure 2 . Estimated parameters (se Eqn. 1) for soil 1 were A ϭ 4.86, B ϭ 0.91, and C ϭ 4.94 with r 2 ϭ 0.929. For soil 2, the parameters were A ϭ 5.50, B ϭ 1.19, and C ϭ 5.86 with r 2 ϭ 0.997. For soil 1, no significant decrease in the respiration rate can be observed at the three lowest PTA concentrations (0.008, 0.09, and 0.9 g PTA/g dry soil). However, at the two highest concentrations (8.5 and 40.6 g PTA/g dry soil), a decreasing respiration rate is observed. The data are well fitted using Equation 1. Using Equation 2, the ED10 is estimated to 13 g PTA/g dry soil with an upper 95% confidence limit of 43 g PTA/g dry soil and a 95% lower confidence limit of Ϫϱ g PTA/g dry soil. For the test on soil 2, no decrease in respiration rate can be observed at the two lowest PTA test concentrations (1.56 and 15.6 g PTA/g dry soil), but a decrease in the respiration rate is obvious at the highest three PTA test concentrations (77.8, 117, and 212 g PTA/g dry soil). Also, in this case, the data fits well to Equation 1. For soil 2, the ED10 is estimated to 55 g PTA/g dry soil, with an upper 95% confidence limit of 70 g PTA/g dry soil and a 95% lower confidence limit of 40 g PTA/g dry soil. In the test on soil 2, higher PTA concentrations were applied than those used for soil 1 in order to produce a more pronounced response, but this hardly was achieved.
In both tests, data satisfactorily were fitted to a sigmoidal dose-response curve. The two estimated ED10 values were not statistically different. Soil 2 was sampled in the late winter (after 5 d of thawing) where microbial activity in the soil is low. Although measurements of respiration in the control flasks during the 28-d incubation period showed 17% higher accumulated respiration for soil 1 than for soil 2, it is unlikely that the two soils have had different respiration rates after 28 d of incubation. Although the soil samples were collected at two different times of the year, they did not produce different estimates of ED10. The densities and activities of the microbial populations may differ at the time of sampling for the two soil samples, but incubation for 28 d brings the microbial populations to almost the same level of activity.
In a study of PTA stability in soil, Rasmussen et al. [15] proposed to relate three different disappearance patterns to different soil types. For slightly acid to neutral soils with intermediate clay contents and low contents of humic matter, which is representative for the soil material used in our study, the PTA degradation pattern is characterized by fast initial degradation followed by a slow degradation reaction. Hence, this degradation pattern ensures that PTA would be present during the entire 28 d of incubation.
Umu test
The results of the umu tests are presented in Figures 3 and  4 . Ptaquloside does not exhibit cytotoxicity toward the bacteria because the growth of bacteria is not affected by the test concentrations (Fig. 3) . First-order regression lines of the induction ratio as a function of PTA concentration can be seen in Figure 4 . For the test without addition of S9 (A), the regression line is estimated to y ϭ 0.014x ϩ 0.84 with r 2 ϭ 0.984; for the test with addition of S9 (B) the regression line is estimated to y ϭ 0.002x ϩ 0.94 with r 2 ϭ 0.974. For the test without addition of S9, the critical IR of 1.5 was obtained at a PTA concentration of 46 Ϯ 16 g/ml, and the critical IR in the test with addition of S9 was found at a PTA concentration of 279 Ϯ 22 g/ml (Fig. 4) . The two substances used as positive control gave the expected results, with IR of 3.42 Ϯ 0.46 at a 4-Nitroquinoline-N-Oxide concentration of 0.12 g/ml and with IR of 2.65 Ϯ 0.78 at a 2-Aminoanthracene concentration of 0.40 g/ml.
Suggestions that amino acids could act as potential detoxicating agents toward PTA have been raised [20] . The test conducted with addition of S9 shows a threshold concentration that is at least four times higher than when S9 is not added. This indicates that proteins and enzymes present in S9 can detoxicate PTA.
The umu test was carried out at pH of 7.4 and with no prior alkaline activation of PTA. Matoba et al. did not detect mutagenicity of PTA with or without S9 after preincubation at pH 7.4 in the Ames test. Only after preincubation at pH 8.5 could a dose-response curve be obtained [26] . It has been stated that there is about 90% concordance between the umu test and the Ames test [30] . A preactivation step of PTA at higher pH in the umu test probably would lower the genotoxic threshold concentration in the tests without S9, but whether or not the addition of S9 still could detoxicate PTA to the extent it does in our experiment is not known. The umu test itself could be modified to a higher pH, but it is not certain that the bacterial tester strain used would endure this pH increase.
By now, many chemicals have been tested in the umu test. Paraquat, a pesticide, is mutagenic at concentrations exceeding 1,000 g/ml (ϪS9); mitomycin C, a chemotherapeutic drug, at concentrations exceeding 0.05 g/ml (ϪS9); and quercetin, another Bracken constituent, at concentrations exceeding 100 g/ml (ϩS9) [29] . As can be seen, PTA exhibits mutagenicity at 20 times lower concentrations than paraquat, at about the same concentration as quercetin, and at almost a 1,000 times higher concentration than mitomycin C.
CONCLUSION
Both genotoxicity and inhibition of soil respiration by PTA is observed. Ptaquiloside was found to be genotoxic in concentrations of about 46 g/ml at pH 7.4 without prior alkaline preactivation. Addition of S9 decreased the genotoxic activity of PTA by at least a factor 4, which indicates that PTA can be detoxicated partly by proteins and enzymes present in S9. Effects on microbial processes were evident in the two carbon transformation tests. Two independent estimates of ED10 of 13 and 55 g PTA/g dry soil were estimated for the same soil but sampled at two different times; the two estimates were not significantly different. These effects may lead to slow degradation of PTA in soil environments. Pour degradation together with high hydrophilicity and poor sorption of PTA to soil leaves a risk of PTA leaching to the aqueous environment, causing contamination of surface and groundwater.
